Background: MicroRNAs are noncoding RNAs and have emerged as important regulators in ␤-cell function. Results: miR-483 is highly expressed in ␤-cells but expressed at much lower levels in ␣-cells, and increased miR-483 induces insulin production in ␤-cells while repressing glucagon production in ␣-cells. Conclusion: miR-483 has opposite effects in ␣and ␤-cells by targeting SOCS3. Significance: miR-483 is a potential therapeutic target for diabetes.
Insulin secreted from pancreatic ␤-cells and glucagon secreted from pancreatic ␣-cells are the two major hormones working in the pancreas in an opposing manner to regulate and maintain a normal glucose homeostasis. How microRNAs (miRNAs), a population of non-coding RNAs so far demonstrated to be differentially expressed in various types of cells, regulate gene expression in pancreatic ␤-cells and its closely associated ␣-cells is not completely clear. In this study, miRNA profiling was performed and compared between pancreatic ␤-cells and their partner ␣-cells. One novel miRNA, miR-483, was identified for its highly differential expression in pancreatic ␤-cells when compared to its expression in ␣-cells. Overexpression of miR-483 in ␤-cells increased insulin transcription and secretion by targeting SOCS3, a member of suppressor of cytokine signaling family. In contrast, overexpression of miR-483 decreased glucagon transcription and secretion in ␣-cells. Moreover, overexpressed miR-483 protected against proinflammatory cytokine-induced apoptosis in ␤-cells. This correlates with a higher expression level of miR-483 and the expanded ␤-cell mass observed in the islets of prediabetic db/db mice. Together, our data suggest that miR-483 has opposite effects in ␣and ␤-cells by targeting SOCS3, and the imbalance of miR-483 and its targets may play a crucial role in diabetes pathogenesis.
Pancreatic islets consist of two major types of cells, the insulin-producing ␤-cells (50 -70%) and the glucagon-producing ␣-cells (20 -30%), which are physically organized asymmetrically together to maintain a normal glucose homeostasis (1) . Insulin and glucagon are two recognized hormones and are secreted in a coordinated manner in pancreatic cells (2) . An increase in insulin, triggered by high glucose, suppresses glucagon secretion and a decrease in insulin, in concert with low glucose, stimulates glucagon secretion in healthy individuals (3) . In type 2 diabetic patients, ␤-cell loss and insufficient insulin secretion contribute to hyperglycemia (4, 5) . Furthermore, a number of studies have reported that ␣-cell expansion and elevated glucagon secretion worsen the hyperglycemia in diabetic patients (2, 6 -8) , suggesting that an imbalanced ratio between ␤-cell and ␣-cell mass leads to an imbalanced ratio between insulin and glucagon, which contributes to the development of diabetes. Such imbalance has been well documented in diabetes patients, but the underlying mechanisms that promote this imbalance are not fully understood.
Cell mass remodeling is the result of several processes including proliferation, neogenesis, cell size, and apoptosis (9) . In diabetes patients, ␤-cell loss mainly reflects a combination of impaired ␤-cell proliferation and increased ␤-cell apoptosis (10) . ␤-Cell proliferation is stimulated by nutrition and growth factors including glucose, insulin, glucagon-like peptide-1 (GLP-1,) and insulin-like growth factor (IGF-1/2) 3 through several intracellular signaling pathways connecting cell surface receptors to proliferation machinery (11, 12) . These signaling pathways include the insulin receptor substrate/PI3K/Akt (IRS-PI3K-Akt) pathways, JAK-STAT, MAPK, and calcineurin/nuclear factor of activated T-cells (NFAT) (13, 14) . However, high concentrations of glucose, leptin, free fatty acids, reactive oxygen species, or proinflammatory cytokines converge toward a common cell death signaling pathway (JNK/p38 kinase) and cause induction of ␤-cell apoptosis in the pathogenesis of type 2 diabetes (15) .
In contrast, the mechanisms regulating ␣-cell proliferation and glucagon secretion are poorly understood. It is believed that activated insulin signaling pathway stimulated by high glucose directly or indirectly via ␤-cell-secreted insulin represses glucagon secretion in ␣-cells (16, 17) . On the other hand, low * This work was supported by National Institutes of Health Grant DK084166 (to X. T.). The authors declare that they have no conflicts of interest with the contents of this article. 1 Both authors contributed equally to this work. 2 glucose leads to inactivation of insulin signaling proteins that in turn stimulates glucagon secretion (18, 19) . However, activated insulin signaling is considered to induce ␣-cell proliferation based on the findings from ␣-cell-specific insulin receptor knock-out (␣IRKO) mice and pancreas-specific IRS2 knockout mice (20, 21) . A recent study also demonstrated that insulin stimulates ␣-cell proliferation through the IR/IRS2/AKT/ mTOR (mammalian target of rapamycin) signaling pathway (22) . Much remains to be learned about the cross-talk between or among these pathways. As a key player in gene expression regulation, microRNAs (miRNAs) are endogenous, noncoding RNAs of 21-24 nucleotides that bind to the 3Ј-UTR of target mRNAs thereby repressing their translation and/or promoting their decay (23, 24) . With no exceptions to most eukaryotic cells, recent studies suggested that miRNAs have also emerged as important regulators in ␤-cell function and proliferation (25, 26) . Several miRNAs have been identified to function in controlling and maintaining ␤-cell proliferation and mass expansion through targeting various cellular signaling pathways. miR-375, the most abundant miRNA detected in pancreatic islets, plays a key role in maintaining normal ␣-cell and ␤-cell mass in mice (27) . Mice lacking miR-375 have chronic hyperglycemia due to a decreased ␤-cell mass and increased ␣-cell numbers (27) . Unlike miR-375, miR-7a was reported to inhibit mature ␤-cell proliferation by targeting the mTOR signaling pathway, and transgenic mice overexpressing miR-7a in ␤-cells developed diabetes due to impaired insulin secretion and ␤-cell dedifferentiation (28, 29) . Taken together, dysfunctional miRNAs contribute to inappropriate ␤-cell responses during diabetes pathogenesis.
However, little is known about the functions of specific miRNAs in ␣-cells and the mechanism for their differential expressions/functions detected in ␣and ␤-cells. In this study, we have performed an miRNA screening to comprehensively assess miRNA expressions in ␤TC3 in contrast with ␣TC1-6, which are excellent surrogate systems for equivalent functional studies of primary ␤and ␣-cells (30) . We identified a number of miRNAs including miR-483 that were differentially expressed between ␣and ␤-cells. In particular, miR-483 was investigated for its unique higher expression in ␤-cells than in ␣-cells. Moreover, the glucose-stimulated miR-483 promoted insulin secretion, insulin transcription, and cell proliferation by targeting the suppressor of cytokine signaling 3 (SOCS3) in ␤-cells, whereas overexpression of miR-483 inhibits glucagon transcription and secretion in ␣-cells. Thus, miR-483 has opposite effects in ␣and ␤-cells, and the imbalance of miR-483 expression may contribute to diabetes pathophysiology.
Experimental Procedures
Cell Culture-Pancreatic ␣-cell line (␣TC1-6) and ␤-cell line (␤TC3) were purchased from the American Type Culture Collection (ATCC). Another ␤-cell line (MIN6) was kindly provided by Dr. Miyazaki (University of Tokyo, Japan) (31) . Cells were routinely maintained in DMEM containing 25 mM glucose supplemented with 15% FBS and 1% penicillin-streptomycin (Invitrogen) as described (32) .
Mouse Islet Isolation and Flow Cytometric Cell Sorting-Wild type C57BL/6 mice (number 000664), diabetic mice (db/db, BKS.Cg-mϩ/ϩleprdb/J, number 000642), and their heterozygous lean controls (db/ϩ) were 8 weeks old and obtained from The Jackson Laboratory (Bar Harbor, ME). All mice were housed in the animal facility of Michigan Technological University on a 12-h light/dark cycle with ad libitum access to water and normal chow. Pancreatic islets were isolated and purified by intra-ductal perfusion of collagenase V (0.5 mg/ml) (Sigma) following the protocol described (33) . The purified islets were cultured in RPMI 1640 medium supplemented with 10% FBS and 1% penicillin-streptomycin for 24 -72 h according to the experiments. All experiments were carried out in accordance with the approval by the Animal Care Committee at the Michigan Technological University.
We performed FACS to obtain the purified ␣and ␤-cells from Ins1-mRFP (34) and glucagon-Cre/Rosa26R-YFP (35) mice, respectively. In preparation for sorting, isolated islets were hand-picked and dissociated at 37°C by adding 0.05% trypsin-EDTA as described previously (36) . Digestion was inactivated by the addition of FCS, and dissociated cells were centrifuged and resuspended in PBS containing 10% FBS for sorting. Flow cytometric sorting was performed on a FACSAria (BD Biosciences) using 561 and 488 excitation lines for RFP and YFP, respectively. Sorted ␣and ␤-cells were then collected in lysis buffer for subsequent RNA extraction. On average, the sorted populations were Ͼ98% pure with the final yield ranging between 60 and 80%.
MicroRNA Array and Data Analysis-Total RNA was isolated from both ␤TC3 and ␣TC1-6 cells using TRIzol (Invitrogen), and the harvested small RNAs were radiolabeled and hybridized to the mouse miRNA array platform developed in our laboratory as described previously (37) . The obtained data were clustered using Cluster 3.0 (38) and visualized using Java TreeView (39) .
Quantitative Real-time PCR for miRNA and mRNA-Total RNA from islets or cell lines was extracted using the miRNeasy kit (Qiagen) according to the manufacturer's instructions and treated with rDNase I (Sigma). The TaqMan miRNA quantitative real-time PCR detection system (Applied Biosystems) was used for quantification of miR-483, and its expression was normalized to the relative expression of RNU19. For mRNA quantification, cDNAs were generated using the High Capacity cDNA reverse transcription kit (Applied Biosystems), and quantitative real-time PCR was performed using the Power SYBR Green PCR master mix (Applied Biosystems). Real-time PCR was performed on a StepOnePlus TM system (Applied Biosystems) using the following procedure: 10 min at 95°C, 40 cycles of 95°C for 15 s, and 60°C for 1 min. All samples were run in duplicate, and the RNA expression was determined using relative comparison method (⌬⌬Ct), with hypoxanthine guanine phosphoribosyl transferase (Hprt) mRNA as an internal standard. The following are the primers used in the study: preinsulin, GGGGAGCGTGGCTTCTTCTA (forward) and GGGGACAGAATTCAGTGGCA (reverse); glucagon, AGAA-GAAGTCGCCATTGCTG (forward) and CCGCAGAGAT-GTTGTGAAGA (reverse); Hprt, TCAGTCAACGGGGGA-CATAAA (forward) and GGGGCTGTACTGCTTAACCAG (reverse).
In Situ Hybridization and Immunohistochemistry Staining-Dissected mouse pancreas were fixed in 4% formaldehyde (pH 7.4) for 24 h at 4°C and then processed routinely for paraffin embedding. Tissues were cut into 5-m sections and adhered to glass slides (Superfrost, Fisher Scientific). For in situ hybridization, sections were first deparaffinized and rehydrated and then treated with proteinase K (Roche Applied Science, 40 g/ml) as described (40) . Briefly, a total of 3 pmol of DIGlabeled Locked Nucleic Acid (LNA) probes (Exiqon) were mixed with 200 l of hybridization buffer and applied onto the slides to hybridize at 37°C for overnight. Slides were then washed using 2ϫ SSC solution and incubated with alkaline phosphatase-conjugated sheep anti-DIG antibody (Roche Applied Science) at 4°C overnight. Alkaline phosphatase reaction was carried out with 50 mg/ml NBT/BCIP (4-nitro-blue tetrazolium/5-brom-4-chloro-3Ј-indolylphosphate) staining solution at room temperature for 1-3 days.
For combined in situ and immunofluorescence staining, fluorescent in situ hybridization was processed as above, except that detection of the DIG-labeled LNA probes was done with peroxidase-conjugated sheep anti-DIG (Roche Applied Science) followed by Tyramide Signal Amplification (TSA)-FITC substrate (PerkinElmer) according to the manufacturer's recommendations. The same slides were blocked in 0.5% BSA for 30 min and incubated with mouse anti-insulin (Sigma) and rabbit anti-glucagon (Sigma) at 4°C overnight. The next day, the immunodetection was processed with Alexa Fluor 405-or Alexa Fluor 594-conjugated secondary antibodies (Invitrogen) at room temperature for 2 h. Slides were coverslipped using anti-fading mounting medium (Vector Laboratories). The images were captured on an Olympus FluoView FV1000 confocal microscope.
miRNA Transfection and Adenovirus Transduction-MIN6 cells were electroporated with 5 g of oligonucleotides or 10 g of plasmids using the Amaxa Nucleofector system (Amaxa Inc.) according to the manufacturer's instructions. 2 days after transfection, cells were treated with low (1 mM) or high (25 mM) glucose without serum for 16 h, and then cell lysates or total RNA was prepared and subjected to analysis by Western blotting or real-time RT-PCR, respectively. For cytokine treatment, cells were incubated with 10 ng/ml cytokine mixture (TNF-␣, IL-1␤, and IFN␥) in 25 mM glucose medium with 1% fetal bovine serum for the selected time. The following oligonucleotides were used in this study: miR-483 mimic, miRNA mimic negative control (mimic control), anti-miR483, anti-miRNA negative control (anti-control), and siRNA for Socs3. All the oligonucleotides were purchased from Life Technologies.
For overexpression of miR-483 in isolated islets, adenovirus vector containing miR-483 stem-loop precursor sequence (AD-miR483) was constructed using the RAPAd miRNA adenoviral expression system (Cell Biolabs). Adenovirus containing the GFP was prepared as a control. The isolated islets were partially dispersed, infected with purified adenovirus in RPMI 1640 with 2% FBS for 2 h, and further incubated in the complete RPMI 1640 medium overnight. Infected islets were cultured in the virus-free complete RPMI 1640 medium for an additional 48 h prior to experimentation. Overexpression of miR-483 in islets was confirmed by real-time PCR analysis of miR-483.
Immunoblot Analysis-Cells were lysed in lysis buffer supplemented with protease inhibitors and phosphatase inhibitor cocktails (Sigma). Lysates were resolved on a 10% SDS-PAGE, transferred to Immobilon transfer membrane (Millipore), and incubated with the following antibodies: SOCS3, IRS2 (Cell Signaling), Pdx-1 (EMD Millipore), MafA (Bethyl Laboratories), and ␤-actin (Sigma). Anti-rabbit and anti-mouse secondary antibodies were purchased from GE Healthcare. Immunoblots were developed using SuperSignal West Pico chemiluminescent substrates (Thermo Scientific) and visualized on a Fuji imager. Protein levels were quantified using the ImageJ software.
Luciferase Assays for miRNA Target Validation-For evaluation of the predicted miR-483 complementary sites at the 3Ј-UTR of Socs3 gene, the mouse Socs3 3Ј-UTR containing three miR-483 binding sites (50 -450 and 1000 -1320 bp) was synthesized and subcloned into the pRLTK vector (Promega). For the luciferase reporter assay, pRLTK reporter constructs (5 g) were electroporated into MIN6 cells (1 ϫ 10 6 ) with miR-483 mimic or control using Amaxa (Lonza). The plasmid PGL-3 containing firefly luciferase (5 g) was co-transfected together to normalize for transfection efficiency. Luciferase activity was measured with a Dual-Luciferase reporter assay kit (Promega) 2 days after transfection. All the related luciferase assay vectors were provided by Dr. Peter Nelson (University of Kentucky, Lexington, KY) (40) .
Insulin and Glucagon Secretion Assay-For quantification of insulin secretion, MIN6 cells were preincubated at 37°C for 2 h in Krebs-Ringer buffer (KRB) (128.8 mM NaCl, 4.8 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 2.5 mM CaCl, 5 mM NaHCO 3 , 10 mM HEPES, 0.1% BSA) containing 1 mM glucose and then stimulated in the same buffer containing 25 mM glucose for 1 h. The supernatant from each treatment was then collected for insulin assay using a mouse insulin ELISA assay kit (Mercodia). Cells were lysed in acid ethanol solution for total DNA. For glucagon secretion assay, ␣TC1-6 cells were preincubated in KRB containing 25 mM glucose at 37°C for 2 h. Subsequently, the cells were stimulated with KRB containing 1 mM glucose for 1 h, and the secreted glucagon in the collected supernatants was measured by a mouse glucagon ELISA assay kit (Wako Chemicals). Both insulin and glucagon values were normalized to total cellular DNA content from the respective lysates.
For quantification of insulin and glucagon secretion in islets, virus-infected islets were transferred to 1.5-ml Eppendorf tubes and preincubated at 37°C for 30 min in KRB supplemented with 2.7 mM glucose (for insulin secretion) or 16.7 mM glucose (for glucagon secretion). The islets were then stimulated with KRB containing either 2.7 mM or 16.7 mM glucose for 1 h, and the supernatant from each treatment was collected for insulin and glucagon assay. Islets were also lysed in acid ethanol solution for total DNA isolation, and the total cellular DNA content was used to normalize the insulin and glucagon values.
Cell Apoptosis and Proliferation Assay-Two days after transfection, cells were seeded in 96-well plates (1 ϫ 10 4 cells/ well) and cultured for 16 h with or without cytokines (10 ng/ml) to induce apoptosis. Cytoplasmic histone-associated DNA fragments were quantified by the cell death detection ELISA kit (Roche Applied Science), which detects DNA laddering derived from apoptotic cell death with anti-histone-biotin antibody and anti-DNA-peroxidase antibody. For proliferation assay, the thymidine analog BrdU (10 M) was added to the culture medium for the last 16 h of incubation prior to fixation, and DNA synthesis was measured using the cell proliferation ELISA kit (Roche Applied Science) according to the protocol.
Statistical Analysis-Data are expressed as means Ϯ S.D. of three independent experiments. Statistical significance was determined by unpaired Student's t test (two-tailed) or one-way analysis of variance with Tukey's post hoc test with differences considered significant at p Ͻ 0.05 (marked as *) and p Ͻ 0.01 (marked as **).
Results
miR-483 Is Differentially Expressed between Pancreatic ␣and ␤-Cells-To understand what are the major miRNAs that are differentially expressed between pancreatic ␣and ␤-cells and their potential cellular functions, we profiled 553 selected human and mouse miRNAs in ␣TC1-6 and ␤TC3 cells, respectively, using our optimized homemade miRNA array platform (37) . About 108 miRNAs in total were detectable in the assay analysis. Among these detectable miRNAs, most miRNAs showed approximately equally expression in the two types of pancreatic cells with a -fold change from 0.5 to 1.5 (Fig. 1, A and  B) . Among the differentially expressed miRNAs, nine, including miR-483, miR-375, miR-99b, and miR-24, were expressed significantly higher in ␤TC3, whereas 14 miRNAs, including miR-124 and miR-103/107, were expressed much higher in ␣TC1-6 ( Fig. 1B) .
We carefully examined the short list of candidate miRNAs that potentially have a role in distinguishing the two types of pancreatic cells and found that miR-483 expression was significantly higher in ␤TC3, but almost undetectable in ␣TC1-6. Real-time PCR confirmed that the miR-483 level was 100-fold higher in ␤TC3 than ␣TC1-6 ( Fig. 1C) . It is well known that high glucose induces opposite effects in ␣and ␤-cells. We further examined the effect of glucose concentration on miR-483 expression level. High glucose (25 mM) dramatically induced miR-483 level by 2.5-fold in ␤TC3 when compared with low glucose (1 mM) (Fig. 1C) . However, miR-483 level was not significantly induced by high glucose in ␣TC1-6. Similar to ␤TC3 cells, miR-483 was also detected in another pancreatic ␤ cell FIGURE 1. miR-483 is highly expressed in pancreatic ␤-cells but detected at much lower levels in ␣-cells. A, miRNA array analysis in ␤TC3 and ␣TC1-6 cells. Total RNA was isolated, and small RNA was harvested by gel cleaning for radiolabeling. The radiolabeled small RNAs were then hybridized to an array platform containing a collection of mouse/human miRNAs. The identified miR-483 is marked with an oval. B, hierarchical clustering of the identified miRNAs based on their expression profiles using Gene Cluster 3.0 (average linkage and Euclidean distance as similarity measure). The data are the average of three independent experiments Ϯ S.D. The expression of each miRNA was normalized to external and internal controls and median-centered prior to clustering. The expression levels ranged from ϩ0.12 log 10 to Ϫ0.12 log 10 . C, validation of miR-483 expression by real-time PCR. miR-483 was highly expressed and glucose-stimulated in ␤TC3 cells when compared with ␣TC1-6 cells. The expression of miR-483 was normalized to U6 RNA level, and the data are the average of three independent experiments Ϯ S.D. **, p Ͻ 0.01 line, MIN6 cells, a currently popular cell line for studying insulin production and signaling, so this cell line was therefore used for further functional studies of miR-483.
We further examined the expression and localization of miR-483 in primary ␤and ␣-cells in wild type mice. To determine the localization of miR-483 by FISH, mouse pancreas cross sections were prepared for detecting miR-483 using miR-483 LNA probe, followed by immunostaining for co-localization of this miRNA with insulin and glucagon. As shown in Fig. 2 , miR-483 was intensely detected in insulin-stained ␤-cells but detected at much lower levels in glucagon-stained ␣-cells when compared with negative control scramble (Fig. 2, A-D) . Interestingly, miR-483 appeared highly enriched in the nuclei in both ␤-cells and ␣-cells, which was consistent with a previous study (41) . To validate the expression of miR-483 in purified ␣and ␤-cells, the islets were isolated from Ins1-mRFP and glucagon-Cre/ Rosa26R-YFP mice and further sorted out RFP ϩ ␤-cells and YFP ϩ ␣-cells by high-speed FACS. As expected, real-time PCR confirmed that miR-483 level in purified ␤-cells was 3.5-fold higher than its expression in purified ␣-cells ( Fig. 2E) . Taking together, the data demonstrated that miR-483 was differentially expressed between pancreatic ␣and ␤-cells.
Overexpression of miR-483 Induces Insulin Secretion and Inhibits Glucagon Secretion through Activation of Insulin
Signaling-To examine the function of miR-483 in ␤-cells, we measured insulin secretion in MIN6 cells that were transfected with miR-483 mimic or anti-miR483. Overexpression of miR-483 by miR-483 mimic significantly increased glucose-stimulated insulin secretion by 2.5-fold when compared with the control (Fig. 3A) . Inhibition of miR-483 with anti-miR483 oligonucleotides had no significant effect on insulin secretion ( Fig. 3A) . To validate the effects of miR-483 in isolated primary mouse islets, we generated recombinant adenovirus overexpressing miR-483 (Ad-miR483) and infected freshly isolated primary mouse islets with this adenovirus . After 2 days, we observed a 60-fold increase in miR-483 level when compared with the islets infected with adenoviral GFP control (Ad-GFP). Consistent with the role for miR-483 in MIN6, a significant increase in insulin secretion was obtained in islets infected with Ad-miR483 when compared with the islets infected with Ad-GFP (Fig. 3A) .
To examine the functional differences of miR-483 in ␣-cells, miR-483 mimic was then transfected to ␣TC1-6 cells to examine the effect of miR-483 on glucagon secretion. When compared with increased insulin secretion in MIN6 cells, overexpressed miR-483 significantly reduced glucagon secretion to almost 2.6-fold in ␣TC1-6 cells (Fig. 3B ). The glucagon secretion was consistently decreased in islets infected with Ad-miR483 when compared with the islets infected with AD-GFP (Fig. 3B) . In contrast, inhibition of miR-483 significantly induced glucagon secretion in ␣TC1-6 cells (Fig. 3B) .
Because miR-483 expression is significantly up-regulated by high glucose, we further examined the effect of miR-483 on glucose-stimulated insulin signaling in both cell lines as well as in isolated islets. Overexpression of miR-483 using miR-483 mimic significantly increased the protein level of IRS2 in either cell line, MIN6 (Fig. 3C) or ␣TC1-6 cells (Fig. 3D) , using miR-483 mimic or in infected islets using AD-miR483 (Fig. 3E ). The increase of IRS2 was correlated to the increased insulin secretion in ␤-cells and decreased glucagon secretion in ␣-cells. In contrast, inhibition of miR-483 dramatically decreased IRS2 The same sections were counterstained with anti-insulin (blue) and anti-glucagon (red) antibodies. The three-color overlay images showed that miR-483 (green) was highly expressed in ␤-cells (blue) but detected at much lower levels in ␣-cells (red). Hybridization of scramble probe is negative control (C). Magnification: A and B, 60ϫ; C and D, 120ϫ. E, real-time PCR confirmed the miR-483 expression on sorted ␣and ␤-cells from adult islets purified from glucagon-Cre/Rosa26R-YFP and Ins1-mRFP1 transgenic mice, respectively. The expression of miR-483 was normalized to U6 RNA level, and data are represented as means Ϯ S.D. on n ϭ 3. *, p Ͻ 0.05 expression in both MIN6 and ␣TC1-6 cells (Fig. 3C) . Taken together, the data suggested that miR-483 played a critical role in regulating insulin/glucagon secretion via activating insulin signaling.
Glucose-stimulated miR-483 Induces Insulin Transcription while Inhibiting Glucagon Transcription-To understand which step of insulin and glucagon expression is critical for the role of miR-483, we further examined the effect of miR-483 on insulin and glucagon transcription. The miR-483 mimic or anti-miR483 was transfected into MIN6 and ␣TC1-6, followed by real-time PCR for the expression of pre-insulin and glucagon at their transcript levels. As shown in Fig. 4A , high glucosestimulated pre-insulin mRNA was significantly increased in MIN6 cells transfected with miR-483 mimic when compared with the control. In contrast, transfection with anti-miR483 resulted in an ϳ2-fold reduction in pre-insulin mRNA, suggesting that miR-483 promotes insulin gene expression at the transcriptional level under high glucose condition. However, low glucose-induced glucagon mRNA was significantly repressed by overexpression of miR-483 or induced by anti-miR483 in ␣TC1-6 cells (Fig. 4B ). These opposite effects in regulating insulin and glucagon transcription were further confirmed in islets infected with Ad-miR483 (Fig. 4, A and  B) . We hypothesized that the induction of insulin gene transcription by miR-483 may be involved through the regulation of insulin transcription factors, such as Pdx-1 and MafA. However, expression of both Pdx-1 and MafA has no effect upon miR-483 overexpression or inhibition in MIN6 and islets Fig. 4C ).
SOCS3 Is One of the Targets of miR-483 and Plays Opposite
Functions in ␣and ␤-Cells-To understand which target genes are negatively regulated by miR-483 in activating insulin production and/or inhibiting glucagon production, we predicted candidate target genes using miRNA target prediction programs. Among many candidates, SOCS3 was shown to have two additional miR-483 complementary sites on its 3Ј-UTR at the 1043-and 1230-bp regions (Fig. 5A ), in addition to the one reported at the 295-bp region of the 3Ј-UTR in a study with the liver Hepa1-6 cells (42). These two complementary sites are highly conserved among its homologs in various mammalian species including humans and mice, suggesting a critical role of miR-483 in regulating SOCS3, which may function in pancreatic cells (Fig. 5A) .
To examine a potential physical interaction between miR-483 and the three predicted binding sites at the 3Ј-UTR of SOCS3 transcript, we synthesized two segments of mouse SOCS3 3Ј-UTR (SOCS3-3Ј-UTRI between 50 and 450 bp and SOCS3-3Ј-UTRII between 1000 and 1332 bp, respectively) and subcloned them into the pRLTK vector (Promega). The reporter constructs were co-electroporated into MIN6 cells with anti-miR483 inhibitor or control using Amaxa (Lonza). When compared with the control, introduction of anti-miR483 increased reporter activities of both SOCS3-3Ј-UTRI and SOCS3-3Ј-UTRII by 60%, suggesting that inhibition of miR-483 abolished the repression of miR-483 on the luciferase reporter activities (Fig. 5B) .
To further determine whether SOCS3 is a potential target of miR-483, we examined the effect of miR-483 on SOCS3 protein 
. Overexpression of miR-483 induces insulin secretion but inhibits glucagon secretion via activated IRS2 signaling.
A, insulin secretion was measured in MIN6 transfected with miR-483 mimic and control mimic, or anti-miR483 and anti-control at 25 mM glucose, or in isolated islets infected with recombinant adenovirus overexpressed miR-483 (AD-miR483) or control (Ad-GFP) at 16.7 mM glucose. B, glucagon secretion was analyzed in ␣TC1-6 transfected with miR-483 mimic or anti-miR483 at 1 mM glucose or in isolated islets infected with AD-miR483 at 2.7 mM glucose. Secreted insulin and glucagon levels in the medium were quantified using mouse insulin and glucagon ELISA, respectively, and normalized to total cellular DNA content and then presented as relative -fold. The presented data are the average of three independent experiments Ϯ S.D. *, p Ͻ 0.05, **, p Ͻ 0.01 versus control. C-E, transfected cells were incubated with 1 or 25 mM glucose in DMEM for 16 h, and the expression of IRS2 and actin was analyzed by Western blot in MIN6 (C) and ␣TC1-6 (D) and isolated islets (E). All the experiments were repeated 3-6 times.
Functions of MicroRNA-483 in Pancreatic ␤and ␣-Cells
level in MIN6, ␣TC1-6, and isolated islets. Overexpression of miR-483 using miR-483 mimic decreased SOCS3 protein level in both MIN6 and ␣TC1-6 when compared with the control (Fig. 5, C and D) . AD-miR483-infected islets also showed a reduction in SOCS3 expression when compared with the AD-GFP control (Fig. 5E ). In contrast, inhibition of miR-483 using anti-miR483 significantly increased SOCS3 protein level (Fig.  5C ). Taken together, these data demonstrated that SOCS3 is a direct target of miR-483 in both ␣-cells and ␤-cells.
In the insulin-sensitive peripheral tissues, including white adipose tissue, liver, and muscle, SOCS3 inhibits insulin action through binding IRS2 and causing IRS2 ubiquitination and degradation (43) (44) (45) (46) . To validate the function of SOCS3 in MIN6 and ␣TC1-6 cells, we silenced SOCS3 by transfecting the cells with SOCS3 siRNA (Applied Biosystems). As shown in Fig. 5F , significant reduction of SOCS3 expression was observed in cells expressing either SOCS3 siRNA-1 or siRNA-2. As expected, silencing of SOCS3 significantly increased IRS2 expression by almost 3-fold in MIN6 (Fig. 5F) . Moreover, SOCS3 silencing led to an increase in both insulin secretion and insulin transcription ( Fig. 5G) , which is consistent with a previous study in which SOCS3 negatively regulated insulin secretion and insulin transcription in ␤-cell lines and SOCS3 transgenic mice (47) (48) (49) . In contrast, silencing of SOCS3 significantly inhibited both glucagon secretion and transcription in ␣TC1-6 cells (Fig. 5H) .
miR-483 Protects against Cytokine-mediated Apoptosis in ␤-Cells-Studies have shown that SOCS3 is induced by inflammatory cytokines and can inhibit excessive cell growth and induce apoptosis as part of maintaining cell stability (50 -52) . We hypothesized that miR-483 may be involved in protecting ␤-cell growth by targeting SOCS3. A cytokine mixture with 10 ng/ml each of TNF␣, IL-1␤, and IFN␥ was incubated with MIN6 cells to induce apoptosis. Although overexpression of miR-483 had no significant effect on apoptosis, silencing of miR-483 by anti-miR483 increased cytokine-induced apoptosis in MIN6 cells (Fig. 6A) . Consistently, the cell proliferation rate was significantly decreased by anti-miR483 when cells were exposed to cytokine (Fig. 6B ), suggesting that miR-483 is necessary to inhibit target protein SOCS3 to protect ␤-cells against cytokine-induced apoptosis. However, such profound protection was not observed in ␣TC1-6 cells. Overexpression or inhibition of miR-483 had no significant effect on apoptosis ( Fig.  6C ) and cell proliferation under both normal growth conditions and cytokine treatment in ␣TC1-6 cells (Fig. 6D ). Taken together, pancreatic ␤and ␣-cells have distinct characteristics in the expressions of miR-483 and its target gene SOSC3 as well as their responses to cytokines in terms of cell apoptosis and proliferation.
Increased Expression of miR-483 in the Islets of Diabetic Mice-To examine the change of miR-483 expression during the development of diabetes, we harvested the pancreases from 10-week-old db/db or control lean mice (db/ϩ) and prepared them for in situ hybridization. When compared with the control mice, miR-483 expression increased in the islets of prediabetic mice in correspondence with the increase of the ␤-cell mass (53) (Fig. 7A ). Real-time PCR further confirmed that this increase of miR-483 was almost 2-fold in isolated islets from prediabetic mice when compared with control mice (Fig. 7B) .
The isolated islets were further analyzed for the expression of SOCS3 by real-time PCR. When compared with control lean mice, SOCS3 mRNA level declined 8-fold in prediabetic islets, correlating with the increase of miR-483 in prediabetic islets (Fig. 7C) . Thus, our in vitro data for functions of miR-483 were also supported by the in vivo changes of miR-483 and SOCS3 in prediabetic mice. 

Discussion
In this study, we first observed that the expression of miR-483 was much higher in pancreatic ␤-cells than in ␣-cells. Glucose-stimulated miR-483 stimulated IRS2-mediated insulin signaling, leading to increased insulin secretion in ␤-cells. Moreover, miR-483 promoted insulin transcription by directly targeting SOCS3. In contrast, overexpression of miR-483 repressed low glucose-stimulated glucagon secretion and transcription in ␣-cells. In addition, miR-483 serves as a ␤-cell survival factor to suppress cytokine-induced apoptosis in ␤-cells while serving no significant effect in ␣-cells. Increased miR-483 is shown in the islets of prediabetic mice, suggesting that miR-483 may facilitate compensatory ␤-cell mass expansion during the early stage of diabetes. miRNAs typically recognize their target mRNAs through complementary sites of their seed region to the binding sites located on the 3Ј-UTR of the target mRNA. However, we revealed that the 3Ј-UTR of SOCS3 contains three atypical miR-483 recognition sites that are not perfectly base-paring with the seed region of miR-483 ( Fig. 5A ). We demonstrated that these atypical miR-483 recognition sites were valid and sufficient to mediate the suppression of SOCS3 by miR-483. These atypical recognitions between miRNAs and their targets are also supported by previous studies with numerous biochemical and structural findings on miRNA-target interactions (54, 55) .
miR-483 has been reported to be expressed in mouse liver and adipocyte tissues and regulates fat metabolism by targeting SOCS3 (42) . SOCS3 belongs to the SOCS family of inhibitory proteins, which can interfere with insulin signaling in muscle, liver, and adipose tissue by inhibition of tyrosine phosphorylation of IRS2 (56) . In pancreatic ␤-cells, SOCS3 is induced by various cytokines and complexes with insulin receptor, leading to reduced insulin receptor autophosphorylation and impaired FIGURE 5 . SOCS3 is one of the targets of miR-483 in pancreatic ␤-cells. A, bioinformatic prediction of the interaction between miR-483 and the 3Ј-UTRs of SOCS3 of various species. Has, Ptr, Rno, and Mmu represent human, chimpanzee, rat, and mouse, respectively. The predicted three binding sites are indicated in blue. B, luciferase assay confirmed that miR-483 inhibited the luciferase reporter activity, in which the SOCS3 3Ј-UTR fragments (50 -450 and 1000 -1320 bp) were fused with a Renilla luciferase reporter gene in pRLTK, respectively. The reporter constructs were co-transfected into MIN6 cells with either anti-miR483 or anti-control. The pGL3 firefly luciferase plasmid was co-transfected for detection of transfection efficiency. 48 h after transfection, luciferase activity was assayed using the Dual-Luciferase reporter assay kit. Data represent means Ϯ S.E. of three independent experiments. **, p Ͻ 0.01. C-E, overexpression of miR-483 down-regulates SOCS3 protein expression in MIN6 (C), ␣TC1-6 (D), and isolated islets (E) validated by Western blots. Data are representative of three independent experiments. F, silencing of SOCS3 activated the expression of IRS2. 48 h after transfection with siRNA against SOCS3 (#1 and #2) or Scramble (Scr) in MIN6 cells, cell lysates were prepared for Western blots to detect the expression of IRS2, SOCS3, and actin. Results are representative of three independent experiments. G, silencing of SOCS3 increased insulin secretion and insulin transcription. H, silencing of SOCS3 reduced glucagon secretion and transcription. Secreted insulin and glucagon levels in the medium were quantified using mouse insulin or glucagon ELISA and normalized to total cellular DNA contents. Total RNA was extracted to analyze the expression of insulin or glucagon by real-time PCR. The data were normalized to internal control HPRT. The presented data are the average of three independent experiments Ϯ S.D. *, p Ͻ 0.05, **, p Ͻ 0.01. signaling through the IRS2/PI3K pathway (52) . In addition, in the transgenic mice with ␤-cell-specific overexpression of SOCS3, SOCS3 inhibits pre-insulin transcription and ␤-cell proliferation through the JAK/STAT signaling pathway (48, 49) . Although SOCS3 is an established regulator of the JAK-STAT pathway, its own regulation in ␤-cells is poorly under-stood. In our study, miR-483 protects ␤-cell function by inhibiting cytokine-induced SOCS3, suggesting that miR-483 may play a positive acute phase response to inflammatory cytokine and, in turn, influences SOCS3-JAK/STAT-insulin network.
An miRNA profiling was also recently processed in sorted human ␣and ␤-cells (30) . Consistent with our finding, results form their study confirmed that human ␤-cells contain higher miR-483 than ␣-cells (30) . A pivotal observation in our work is that miR-483 is stimulated by high glucose and exerts an opposite effect on insulin and glucagon release. First, glucose-stimulated miR-483 induces insulin production and release from ␤-cells, which in turn suppresses glucagon release from ␣-cells. Insulin has been considered as a negative regulator of glucagon release (3, 16) . Second, miR-483-activated IRS2 expression and insulin signaling inhibit glucagon secretion. In addition, our study showed that highly expressed miR-483 protects ␤-cell growth against cytokine-induced apoptosis, suggesting that these cells, although derived from common precursor cells, evolved into closely related types of cells with distinct functions. Taken together, the differentially expressed miR-483 plays a crucial role in the maintenance of ␣and ␤-cell mass and function.
Over one-third of mammalian miRNAs are located within the introns of protein-coding genes, referred to as intronic miRNAs (57) . miR-483 is an intronic miRNA and is located within the intron of the Igf2 gene (42) . IGF-2 was detected at a relatively high level in islets, and reduced IGF-2 expression was observed in the impaired islets of the adult Goto-Kakizaki rat model of type 2 diabetes (58) . The transgenic mice with ␤-cellspecific overexpression of IGF-2 showed an increase in insulin mRNA level and ␤-cell mass (59) . Moreover, the persistent presence of circulating IGF-II largely prevented ␤-cell apoptosis in the early postnatal period (60, 61) . It is possible that miR-483 is not only transcriptionally linked to IGF-2 expression, but also coordinately regulated under different physiological conditions. Interestingly, miR-483 was found to be highly enriched in the nucleus of both ␣-cells and ␤-cells. In support, a number of miRNAs have been identified to directly bind to the gene promoter, potentially inducing overexpression or down-regulation of target genes (62, 63) . More recently, overexpressed miR-483 in the pediatric kidney cancer cells localized in the nuclei and enhanced the transcription of IGF-2 transcripts by binding to its 5Ј-UTR (41) . However, the interaction between nuclear miR-483 and IGF-2 in ␣and ␤-cells still needs to be further examined under physiological conditions. Furthermore, insulin gene is clustered closely together with IGF-2 gene, suggesting that miR-483 and IGF-2, together with insulin, might be controlled by a common regulatory mechanism. Therefore, identification of the coordinated interaction between miR-483 and IGF-2 will be important for understanding the differential expression of miR-483 between ␣and ␤-cells and establishing a functional relationship between them.
Two studies have recently reported miRNA profiling in the sorted human ␣and ␤-cells or ␣and ␤-cell lines by the miRNA PCR array method (30, 64) . Among the identified miRNAs in these studies, most of them, including miR-483, miR-375, and miR-99b, expressed at a relatively higher level in ␤-cells, as confirmed in our array. Other miRNAs, such as miR-124 and miR-103/107, expressed relatively higher in ␣-cells in our array. miR-124 has been shown to regulate pancreas development and insulin exocytosis and induce neural differentiation and proliferation (65, 66) . miR-103/107 has been demonstrated to induce insulin resistance and glucose intolerance in both liver and adipocytes (67) . Therefore, the data suggest that pro-or anti-proliferative miRNAs co-exist in both ␣-cells and ␤-cells and function interactively in maintaining the identity and functions of ␣and ␤-cells. It will be of interest to dissect the functional interactions of these miRNAs and their homeostatic roles in the development of diabetes.
In summary, we characterized the distinct expression and functions of miR-483 between ␣and ␤-cells. miR-483 can be stimulated by glucose and insulin, and activated miR-483 is required for glucose-stimulated IRS2 signaling and protects ␤-cells against apoptosis. The balance of miR-483 and its targets would not only protect ␤-cell function, but also help to preserve ␤-cell mass. Future dissection of the interaction of miR-483 with the SOCS3-mediated functional pathway may extend our understanding on the potential therapeutic role of miR-483.
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